To test the hypothesis that administration of ghrelin attenuates inflammatory responses in sepsis through vagal nerve stimulation. Summary Background Data: Ghrelin has been demonstrated to possess multiple functions, including stimulation of the vagus nerve. Our recent study has shown that plasma levels of ghrelin were significantly reduced in sepsis; and ghrelin administration improved organ perfusion and function. However, it remained unknown whether ghrelin also decreases proinflammatory cytokines in sepsis and, if so, whether the down-regulatory effect of ghrelin is mediated by activation of the vagus nerve. Methods: Male rats were subjected to sepsis by cecal ligation and puncture (CLP). At 5 hours after CLP, a bolus intravenous injection of 2 nmol ghrelin was followed by a continuous infusion of 12 nmol ghrelin via a primed 200-L Alzet mini-pump for 15 hours. At 20 hours after CLP, plasma and peritoneal fluid levels of TNF-␣ and IL-6 were determined. The direct effect of ghrelin on cytokine production was studied using cultured normal rat Kupffer cells or peritoneal macrophages stimulated by lipopolysaccharide (LPS). In additional animals, vagotomy or sham vagotomy was performed in sham and septic animals immediately prior to ghrelin administration and cytokine levels were then measured. Results: Ghrelin significantly reduced TNF-␣ and IL-6 levels in sepsis. In contrast, ghrelin did not inhibit TNF-␣ and IL-6 release from LPS-stimulated Kupffer cells or peritoneal macrophages. However, vagotomy, but not sham vagotomy, prevented ghrelin's down-regulatory effect on TNF-␣ and IL-6 production. Conclusions: Ghrelin down-regulates proinflammatory cytokines in sepsis through activation of the vagus nerve. Pharmacologic stimu-lation of the vagus nerve may offer a novel approach of anti-sepsis therapy.
D espite improvement in the management of septic patients with systemic antibiotics, surgical intervention, aggressive fluid resuscitation, and careful monitoring, sepsis continues to be one of the leading causes of death in intensive care units, and a large number of septic patients die of ensuing septic shock and multiple organ failure. [1] [2] [3] [4] The pathophysiologic sequelae of sepsis are caused by an overreaction of the immune system to microorganisms and their products. During sepsis, bacterial toxins activate macrophages/Kupffer cells to release proinflammatory cytokines and other mediators that initiate specific immune responses. A growing collection of experimental and clinical data has indicated that proinflammatory cytokines play a prominent role in sepsis-induced tissue injury. 5, 6 The kinetics and magnitude of cytokine release influence the development of sepsis. 5, 7 Ghrelin is a gastric hormone first identified in the rat stomach in 1999 as an endogenous ligand for the growth hormone secretagogue receptor (GHSR). 8 Human ghrelin is a 28-amino acid peptide with an n-octanoyl group at Ser3, a modification essential for its activity. 9, 10 Rat ghrelin differs from human ghrelin by only 2 amino acids. 10 The biologic effects of ghrelin are thought to be mediated through GHSR. Although a group of synthetic molecules featuring growth hormone secretagogue can bind to GHSR, ghrelin is the only identified endogenous ligand for this receptor. Ghrelin was originally reported to induce growth hormone release through pituitary GHSR stimulation. It has a strong stimulatory effect on growth hormone secretion. [11] [12] [13] However, a large body of evidence has indicated physiologic functions of ghrelin mediated by the central and peripheral GHSR distribution. 14 The wide distribution of GHSR suggests multiple paracrine, autocrine and endocrine roles of ghrelin. [15] [16] [17] [18] One recent study demonstrates the presence of GHSR in afferent neurons of the nodose ganglion, suggesting that ghrelin signals are transmitted to the brain via vagal afferent nerves. 19 Moreover, central administration of ghrelin stimulates the vagal efferent nerve in anesthetized rats. 20 The vagus nerve is an important link between the involuntary nervous system and proinflammation, which has been suggested for more than 70 years. 21 This "parasympathetic" nerve emanates from the cranium and innervates all major organs in a subconscious way. It is finely branched and is composed of both sensory (input) and motor (output) fibers, suggesting that the vagus nerve can sense continuing inflammation and subsequently suppresses it. This mechanism is more efficient and rapid than other anti-inflammatory pathways. In addition, the vagus nerve has been shown to convey the immunologic state of the gastrointestinal tract to the hypothalamus. Thus, the vagus nerve provides the endogenous mechanism to regulate the magnitude of innate immune responses and attenuate inflammation. Activation of parasympathetic efferent nerves during systemic stress confers an additional protective advantage to the host by restraining a potentially adverse peripheral immune response. Tracey et al found that after administration of LPS in the rat, electrical stimulation of the vagus nerve via the activation of nicotinic acetylcholine receptors (␣ 7 receptors), prevented both the release of TNF from macrophages and death. [22] [23] [24] [25] However, it remains unknown whether the novel peptide ghrelin plays any role in such an anti-inflammatory pathway. 26 Circulating levels of ghrelin have been shown to decrease significantly in endotoxemia. 27 Our recent studies also demonstrated that plasma levels of ghrelin decrease significantly in a rat model of polymicrobial sepsis induced by cecal ligation of puncture (CLP), raising the possibility of treating sepsis with ghrelin. 28 In addition, recent studies have shown that treatment with ghrelin significantly down-regulates circulating levels of cytokines in a rat model of endotoxemia. 29, 30 However, it remained unknown whether ghrelin also decreases cytokine levels in polymicrobial sepsis and, if so, whether the down-regulatory effect of ghrelin is mediated by vagal nerve activation. The present study was conducted to test the hypothesis that administration of exogenous ghrelin attenuates the inflammatory response in sepsis through vagal nerve stimulation.
MATERIALS AND METHODS

Animal Model of Sepsis
Male Sprague-Dawley rats (275-325 g) were housed in a temperature-controlled room on a 12-hour light/dark cycle and fed a standard Purina rat chow diet. Prior to the induction of sepsis, rats were fasted overnight but allowed water ad libitum. Rats were anesthetized with isoflurane inhalation and the ventral neck, abdomen, and groin were shaved and washed with 10% povidone iodine. CLP was performed as we previously described. 31 Briefly, a 2-cm midline abdominal incision was performed. The cecum was exposed, ligated just distal to the ileocecal valve to avoid intestinal obstruction, punctured twice with an 18-gauge needle, squeezed slightly to allow a small amount of fecal matter to flow from the holes, and then returned to the abdominal cavity, following which the abdominal incision was closed in 2 layers by a surgical suture. Sham-operated animals (ie, control animals) underwent the same procedure with the exception that the cecum was neither ligated nor punctured. The animals were resuscitated with 3 mL/100 g body weight normal saline subcutaneously immediately after surgery. The animals were then returned to their cages. The rats were singly housed in a temperature-controlled room after the operation. The animals recovered quickly (within 10 minutes) after the discontinuation of isoflurane inhalation. They moved around and drank water. The cages we used for our study are conventional polycarbonate ones. All experiments were performed in accordance with the National Institutes of Health guidelines for the use of experimental animals. This project was approved by the Institutional Animal Care and Use Committee of the Feinstein Institute for Medical Research.
Administration of Ghrelin
Rat ghrelin (Phoenix Pharmaceuticals, Belmont, CA) was dissolved in normal saline to a final concentration of 100 mol/L; 200-L mini-pumps (Alzet, infusion rate 8 L/hr) were primed with ghrelin solution or vehicle (normal saline) for 3 hours prior to implantation. At 5 hours after CLP, the rats were reanesthetized with isoflurane inhalation. After a slow intravenous bolus injection of 2 nmol ghrelin (or 200 L vehicle), the mini-pump was then connected to a jugular venouscatheter and implanted subcutaneously. Twenty hours after CLP (ie, 15 hours after implantation of the mini-pump), the rats were reanesthetized with isoflurane inhalation. Cardiac puncture was used for collecting blood samples. Peritoneal fluid was collected and its volume was measured by a pipette. No lavage was performed for peritoneal fluid collection for this portion of the experiment. After sample collecting, the animals were euthanized by a CO 2 chamber. No animals died before 15 hours postimplantation. The total dose of ghrelin each rat received was around 45 nmol/kg body weight.
Determination of Serum and Peritoneal Fluid Levels of TNF-␣ and IL-6
The concentrations of TNF-␣ and IL-6 in the serum and peritoneal fluids were quantified by using commercially obtained enzyme-linked immunosorbent assay (ELISA) kits specific for rat-TNF-␣ and IL-6 (BioSource International, Camarillo, CA). The assay was carried out according to the instructions provided by the manufacturer. The total amounts of TNF-␣ and IL-6 in the peritoneal fluids were calculated by multiplying the concentrations of cytokines by the volume of peritoneal fluids.
Cell Culture
Rat Kupffer cells were isolated from normal male Sprague-Dawley rats by collagenase perfusion of the liver, isopycnic sedimentation in a Percoll gradient, and selective adherence. 32 Rat peritoneal macrophages were isolated by peritoneal lavage with Hanks balanced salt solution (HBSS). 33 The isolated Kupffer cells and peritoneal macrophages from normal animals were cultured in DMEM containing 10% heat-inactivated fetal bovine serum, 10 mmol/L HEPES, 100 U/mL penicillin, and 100 g/mL streptomycin at the concentration of 10 6 cells/mL and plated at a density of 5 ϫ 10 5 /well in 24-well cell culture plates. After being washed twice with HBSS, the cells were cultured in culture medium containing LPS (10 ng/mL) with or without ghrelin (10 Ϫ10 -10 6Ϫ mol/L) for a period of 4 hours (Kupffer cells) or 24 hours (peritoneal macrophages). The supernatant was collected by transferring the noncell portion from the culture wells to Eppendorf tubes. Kupffer cells/macrophages are adherent cells. No spin-down was needed for collecting supernatant. The supernatant levels of cytokines (TNF-␣ and IL-6) were measured by ELISA as described above.
Vagotomy and Sham Vagotomy
In additional groups of animals, the trunks of the subdiaphragmatic vagus were transected. 34 Briefly, the rats were reanesthetized with isoflurane inhalation at 5 hours after CLP or sham operation. The midline abdominal incision was reopened prior to the administration of ghrelin, and the dorsal and ventral branches of the vagus nerve were dissected from the esophagus. Each branch of the nerve was tied with surgical sutures at 2 points separated by approximately 1 cm, and then severed between the sutures. Sham-vagotomized animals underwent the same surgical procedure with the exception that their vagus nerves were neither tied nor severed. After the surgery, the animals from both vagotomy and sham vagotomy were allowed food and water ad libitum. Rat ghrelin or vehicle was administered immediately following vagotomy as described above in the vagus nerve intact animals. Serum and peritoneal fluid levels of TNF-␣ and IL-6 were measured by ELISA at 20 hours after CLP as described above. Serum concentrations of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and lactate were determined by using assay kits according to the manufacturer's instructions (Pointe Scientific, Lincoln Park, MI).
Statistical Analysis
Results are expressed as mean Ϯ SE. One-way analysis of variance and the Student-Newman-Keuls method were used to compare different groups of experimental animals. Differences in values were considered significant if P Ͻ 0.05.
RESULTS
Effects of Ghrelin Administration on TNF-␣ and IL-6 Release After CLP
As shown in Figure 1 , serum levels of TNF-␣ and IL-6 increased by 5-and 84-fold, respectively, at 20 hours after CLP in vehicle-treated animals as compared with shamoperated animals (P Ͻ 0.05). Administration of ghrelin significantly attenuated serum levels of TNF-␣ and IL-6; however, they were still higher as compared with sham-operated animals (P Ͻ 0.05, Fig. 1 ). As indicated in Figure 2A and C, the concentrations of TNF-␣ and IL-6 in the peritoneal fluid increased by 4-and 3-fold, respectively, at 20 hours after CLP in vehicle-treated animals (P Ͻ 0.05). Treatment with ghrelin reduced the TNF-␣ level in peritoneal fluid by 39%; however, it was still significantly higher than that in shamoperated animals (P Ͻ 0.05, Fig. 2A ). Administration of ghrelin reduced the peritoneal level of IL-6 by 63% (P Ͻ 0.05), which was similar to sham-operated animals (Fig. 2C) .
The total amount of TNF-␣ and IL-6 in the peritoneal fluid increased markedly at 20 hours after CLP in vehicle-treated animals (P Ͻ 0.05, Fig. 2B, D) . Treatment with ghrelin attenuated the levels of TNF-␣ and IL-6 by 48% and 66%, respectively (P Ͻ 0.05, Figs. 2B, D).
Effects of Ghrelin on TNF-␣ and IL-6 Release From Kupffer Cells and Peritoneal Macrophages
As shown in Figure 3A and B, TNF-␣ and IL-6 levels in the supernatant of Kupffer cell culture increased dramatically after the stimulation by LPS (10 ng/mL) for 4 hours. In contrast to its effect in the in vivo animal model, ghrelin did not significantly affect either LPS-induced levels or basal levels of TNF-␣ and IL-6 released from the cultured Kupffer cells. Similarly, LPS significantly increased TNF-␣ and IL-6 release from the cultured peritoneal macrophages, and ghrelin did not alter either LPS-induced levels or basal levels of those cytokines (Fig. 3C, D) .
Effects of Vagotomy on Ghrelin's Inhibition of TNF-␣ and IL-6 Releases After CLP
To determine whether ghrelin's down-regulatory effect on proinflammatory cytokines in sepsis is mediated via activation of the vagus nerve, vagotomy or sham-vagotomy was performed in sham and septic animals immediately prior to the administration of ghrelin. As indicated in Figure 4A and B, vagotomy immediately prior to the administration of ghrelin completely prevented the inhibitory effects of this agent on the circulating levels of TNF-␣ and IL-6. In contrast, sham-vagotomy did not alter the anti-inflammatory effect of ghrelin at 20 hours after CLP (Fig. 4C, D) . The volumes of the peritoneal fluid in vagotomized animals were 0.07 Ϯ 0.02, 6.6 Ϯ 0.5, and 6.7 Ϯ 0.6 mL/animal in sham, vehicle-, and ghrelin-treated animals, respectively, which were higher than those in the corresponding animals with sham vagotomy (0.008 Ϯ 0.001, 3.1 Ϯ 0.2, and 2.6 Ϯ 0.2 mL/animal, respectively). Although peritoneal concentrations of IL-6 in vagotomized septic animals were similar to those in sham vagotomized septic animals, the total amount of TNF-␣ and IL-6 in the peritoneal fluid of vagotomized animals was much higher (Table 1 ). Most importantly, vagotomy completely prevented the inhibitory effect of ghrelin on the peritoneal fluid levels of TNF-␣ and IL-6 at 20 hours after the onset of sepsis (Table 1) , whereas sham-vagotomy did not alter ghrelin's effects on peritoneal fluid levels of TNF-␣ and IL-6 ( Table 1) . 
Effects of Vagotomy on Ghrelin's Beneficial Effects on Organ Injury After CLP
We have previously shown that ghrelin administration improves organ perfusion and function after CLP. 35 To determine whether vagotomy also eliminate ghrelin's beneficial effects on organ functions in sepsis, serum levels of ALT, AST, and lactate were measured at 20 hours after CLP in vagotomized or sham vagotomized animals. As shown in Table 2 , both vagotomized and sham vagotomized rats subjected to sepsis had a 2-to 3-fold increase in circulating levels of ALT, AST, and lactate compared with sham-operated animals (P Ͻ 0.05). These results are similar to the vagus nerve intact animals. However, ghrelin treatment has no effects on serum levels of ALT, AST, and lactate in vagoto-mized septic animals. Conversely, when sham vagotomized septic animals were treated with ghrelin, the levels of ALT, AST, and lactate were markedly reduced (P Ͻ 0.05, Table 2 ).
DISCUSSION
We recently demonstrated that, although ghrelin levels decrease at both early and late stages of sepsis, its receptor is markedly elevated in early sepsis. 28 Moreover, ghrelin-induced relaxation of resistance blood vessels in the isolated small intestine increases significantly at the early stage of sepsis but was not altered at the late stage of sepsis. 28 This suggests that the decreased ghrelin production may herald the hypodynamic response of late sepsis. Since ghrelin receptor and vascular responsiveness to ghrelin are not reduced at the late stage of sepsis, administration of ghrelin may be a useful adjunct in the treatment of clinical case of sepsis. However, ghrelin is a small peptide with a relatively short half-life. Our recent study has indicated that ghrelin's half-life is 11 minutes in the normal rat and 17 minutes at the late stage of sepsis. 36 Therefore, a continuous infusion of ghrelin is required to maintain its effective concentration in the circulation. In this study, we used an osmotic mini-pump to infuse ghrelin intravenously after a slow bolos injection. Our results indicate that ghrelin treatment significantly decreased serum and peritoneal fluid levels of TNF-␣ and IL-6. Recently, Li et al showed that ghrelin down-regulates cytokine release from endothelial cells. 29 However, the major sources of circulating inflammatory cytokines in sepsis are macrophages/Kupffer cells but not endothelial cells. 37 Moreover, depletion of Kupffer cells by liposomal clodronate prevents LPS-induced cytokine production and subsequent liver damage in the rat. 38 We, therefore, chose 2 major resident macrophage populations, Kupffer cells and peritoneal macrophages, to study the mechanism of ghrelin's inhibitory effect on cytokine release in sepsis. In contrast to our expectation, ghrelin has no direct beneficial effects on cytokine release from either Kupffer cells or peritoneal macrophages isolated from normal rats. This would suggest that an indirect mechanism may be involved in ghrelin's effects on inflammatory cytokines. Date et al reported that ghrelin activates the vagus nerve and that blockade of the gastric vagal afferent abolishes ghrelin-induced feeding and growth hormone secretion. 19 This would suggest an important role of the vagus nerve in ghrelin's biologic effects. Since intracerebroventricular administration of ghrelin stimulates the vagal efferent nerve and since ghrelin can pass the blood-brain barrier, 36 we hypothesized that the anti-inflammatory property of ghrelin is mediated through vagal nerve stimulation. To test this, vagotomy or sham vagotomy was performed in sham and septic animals immediately prior to the administration of ghrelin. Our results show that vagotomy, but not sham vagotomy, prevented the down-regulatory effects of ghrelin on inflammatory cytokines in sepsis. This suggests that the intact vagus nerve is essential for the inhibitory effect of ghrelin on the release of proinflammatory cytokines. Vagus nerve signaling is a critical component of the afferent loop that modulates immune responses to systemic inflammation. 23 Stimulation of the vagus nerve can significantly and rapidly inhibit the release of macrophage-derived TNF-␣ through the release of acetylcholine. 22, 39 Although this physiologic mechanism termed the "cholinergic anti-inflammatory pathway," has major implications in the prevention of overt life-threatening infections, the potential target molecule(s) for the development of possible therapeutic agents remains unknown. Our finding that ghrelin down-regulates inflammatory cytokine releases in sepsis through the stimulation of the vagus nerve suggests that ghrelin may be the circulating mediator for the link between the vagus nerve and the immune system.
Previous studies have shown that vagotomy not only prevents the protective effect of the vagus nerve stimulation but also sensitizes the animals to the lethal effects of endotoxin. 25, 40 However, we could not find any significant increase in the serum levels of TNF-␣ and IL-6 after vagotomy in the present study. One explanation for the different results might be related with the timing of vagotomy. We collected samples at 15 hours after vagotomy, whereas the blood samples were harvested at less than 3 hours after vagotomy in those studies. 40 Another explanation might be related with the site of vagotomy. The vagotomy performed in our laboratories was a typical truncal vagotomy, whereas others performed vagotomy at cervical levels. 40 Similar to our findings, Heider et al showed that acute truncal vagotomy did not increase the risk of the systemic inflammatory response in surgical patients with complicated peptic ulcer disease. 41 There are a few limitations of this study. Although the rats were singly housed in a temperature-controlled room after the operation, the animals' core body temperature was not monitored. Water and food were available ad libitum after the operation, but consumption was not recorded. Although every caution has been made to guarantee the completeness of vagotomy, and although our results show that vagotomy not sham vagotomy prevented the effect of ghrelin on cytokines in sepsis, the completeness of vagotomy was not assessed by checking the histology of the esophagus. Moreover, although both vagotomized and sham vagotomized animals have the same anesthesia (ie, isoflurane inhalation), the anesthetic agent was not used for the cell culture experiments. 
